showed that subcutaneous injection of an actively growing B. cereus culture caused rapid death of mice. Moreover, intravenous injection was lethal for rabbits and guinea pigs. At about the same time, Thorne (13) reported that culture filtrates of B. cereus caused death in mice within 10 to 15 min after intravenous injection. Necrotic or edematous reactions, or both, were observed at the site of subcutaneous injection. Subsequently, Bonventre (2) also observed this lethal activity in B. cereus culture filtrates, and more recently Johnson and Bonventre (8) have differentiated this lethal toxin from the phospholipolytic and hemolytic activities of B. cereus.
Bacillus anthracis is widely accepted as being pathogenic for man and other animals. B. cereus is recognized as a closely related but usually nonpathogenic species. Many investigators have sought methods of rapidly and reliably differentiating B. cereus from B. anthracis. In the course of these investigations, B. cereus has been shown to produce substances capable of killing laboratory animals or of causing lesions in susceptible animal tissues.
Some years ago, K. L. Burdon et al. (Bacteriol Proc., p. 119, 1961) showed that subcutaneous injection of an actively growing B. cereus culture caused rapid death of mice. Moreover, intravenous injection was lethal for rabbits and guinea pigs. At about the same time, Thorne (13) reported that culture filtrates of B. cereus caused death in mice within 10 to 15 min after intravenous injection. Necrotic or edematous reactions, or both, were observed at the site of subcutaneous injection. Subsequently, Bonventre (2) also observed this lethal activity in B. cereus culture filtrates, and more recently Johnson and Bonventre (8) have differentiated this lethal toxin from the phospholipolytic and hemolytic activities of B. cereus.
The role of B. cereus as a food poisoning organism has also received considerable attention in recent years. The present status of knowledge of this problem has been the subject of a recent review (6) . By using the rabbit ligated intestinal loop assay developed for the study of other enteric pathogens, Spira and Goepfert (11) have shown that B. cereus produces a loop fluid-inducing factor that can be detected in cell-free culture filtrates.
The culture filtrates of several enteric pathogens have been shown to contain a substance that produces a positive ileal loop response. These culture filtrates, when injected subcutaneously into test animals, have often also produced a reaction in the skin. Craig (5) showed that culture filtrates of Vibrio cholerae will increase capillary permeability in the area surrounding subcutaneous injections in both guinea pigs and rabbits. Niilo (10) has demonstrated a similar 'activity in cell extracts of Clostridium perfringens. Stark and Duncan (12) and Hauschild (7) have observed an erythemal reaction in guinea pigs in response to subcutaneous injections of C. perfringens enterotoxin.
Skin assays for enterotoxic substances have several obvious advantages over ileal loop tests. A skin test is simpler and quicker to perform, does not require the surgical expertise necessary for ileal loop tests, and does not inflict the trauma upon test animals that is characteristic of the surgical procedure. Additionally, in all trials reported to date the skin assays have proven to be more sensitive and seemingly less erratic than intestinal loop tests.
This report describes the results of investiga-tions into the applicability of a skin assay for determining enterotoxic activity of B. cereus and other species of Bacillus.
MATERIALS AND METHODS Cultures. Twenty-four strains of B. cereus were used in this study. In addition, 11 strains of B.
thuringiensis, including varieties alesti, berliner, dendrolimus, entomocidus, finitimus, galleriae, sotto, subtoxicus, and tolworth, were tested. Four strains of B. subtilis and single strains of B. megaterium and B. licheniformis were also examined. Stock cultures were maintained on nutrient agar slants at room temperature. Working cultures were grown in 4 ml of nutrient broth (NB) ovemight at 32 C.
Growth media and conditions. Growth media included NB, Trypticase soy broth (TSB), and brainheart infusion broth supplemented with 0.1% glucose (BHIG). Test cultures were prepared by adding 0.5 ml of the working culture to 30 ml of the appropriate medium in Erlenmeyer flasks (125 ml) and incubating the cultures at 32 C for 8 h on a gyratory shaker at 84 cycles/min.
Preparation of culture filtrates. Cultures were centrifuged at 12,840 x g for 10 min in a Sorvall RC2-B centrifuge. The supernatant fluid was sterilized by passage through a Gelman membrane filter (0.2 ,m). The sterile filtrates were stored at 4 C and were usually used within 48 h. Filtrates not to be used within 48 h were frozen and stored at -20 C.
Assay of dermal activity. Albino guinea pigs of either sex, weighing 300 to 500 g, were used for the skin test. The back was shaved, depilated, and divided with a marking pen into 12 or 16 squares. Samples (0.05 ml) were injected intradermally into separate sections. A positive control (known positive filtrate) and a negative control (physiological saline) were always included among the samples. Animals were observed at 6 h and again at 24 h. EYTF assay. Equal volumes of sample and of 20% Colbeck egg yolk solution (Difco) were mixed and incubated at 37 C for 2 h. The development of any turbidity was consdered a positive reaction, and the egg yolk turbidity factor (EYTF) titer was expressed as the reciprocal of the highest dilution showing turbidity. Purified B. cereus phospholipase C was obtained from General Biochemicals, Inc., Chagrin Falls, Ohio.
Assay for hemolysin activity. Ten parts of the test sample were mixed with one part of a 5% suspension of washed rabbit red blood cells and incubated at 37 C for 30 min. A loss of turbidity resulting from lysis of the red blood cells was considered a positive reaction, and the hemolysin titer was expressed as the reciprocal of the highest dilution evidencing such clearing.
Assay for lethal toxin. Death of white mice within 30 min after injection of 0.5 ml of the test sample into the caudal vein was considered a positive reaction.
RESULTS AND DISCUSSION
Bacillus cereus strain B-4ac was selected as the test strain for investigation of the skin assay system because the ileal loop fluid-producing activity of this organism had been described previously (W. M. Spira andJ. M. Goepfert, Abstr. Annu. Meet. Amer. Soc. Microbiol., 1972, p. 23; 11).
Intradermal injection of 0.05 ml of sterile culture filtrates of B-4ac evokes a consistent reaction in the guinea pig. The characteristic reaction is a darkening of the immediate site of inoculation (within 5 min) which by 6 h evolves, depending on concentration of the active principle, into either a greenish-gray zone (4 to 10 mm diameter; strong reaction) or a dark-red zone suffused with blood (2 to 7 mm diameter; weaker reaction). These central zones are surrounded by inflammation which in some cases measures 20 mm in diameter. At 24 h, the inflammation has disappeared and the central zones are either completely green or covered with a scab. These reactions persist for at least 7 days and hair regrowth is completely inhibited in the afflicted area.
Most BHIG culture filtrates can be diluted 1: 4 in saline (0.85%) and still evoke a positive skin response. Both the size and intensity of the reaction diminish as the preparation is diluted. The inflammatory zone surrounding the necrotic or bloody areas also occurs when sterile media, serum, or phospholipase C preparations are administered. It is obvious that this is a nonspecific reaction; therefore the inflammatory response is ignored when the ability of given filtrates to elicit a skin response is being scored.
A similar response was reported by Chu (4), who asserted that the central necrotic area surrounded by inflammation was due to the action of lecithinase synthesized by B. cereus.
In contrast to our observation, Molnar (9) reported that the primary skin response was inflammation which evolved into necrosis 24 h after the injection of culture filtrates.
Altenbern (1) After establishing that the ability of a given strain to produce a skin reaction might be related to its ability to synthesize a loop-active factor, the properties of the two factors were compared.
Influence of culture medium. One of the major environmental factors influencing the synthesis of the ileal loop factor was the composition of the growth medium (11) . Skin factor synthesis was also influenced by the culture medium. High levels of skin factor were synthesized in BHIG, somewhat lower levels were synthesized in TSB, and barely detectable levels were synthesized in NB. Concentration of NB filtrates before testing resulted in detection of skin activity but not loop activity. Therefore it appears that the synthesis of each factor is influenced in the same way by the growth media tested, and that the detection of skin activity in concentrated filtrates of nutrient broth-grown cells underscores the greater sensitivity of the skin assay.
Time of appearance of skin activity. Johnson and Bonventre (8) reported that lethal, hemolytic, and phospholipolytic activities were detectable in culture filtrates of logarithmically growing cells of B. cereus. Similarly, loop activity and skin activity are demonstrable in filtrates of cultures inoculated with 106 to 10 x 106 cells/ml after about 3 h, and these activities increase to a maximum at 5 to 6 h, thereafter remaining constant through 12 h of incubation.
Relationship of skin activity to lethal EYTF and hemolytic activity in culture fil- 
23).
The heat sensitivity of EYTF and the skin factor were compared in the following manner. Samples (5 ml) of B. cereus B-4ac culture filtrate were heated in a constant-temperature water bath for selected periods of time. The samples were chilled in an ice bath and kept cold until tested. Heating at 56 C for 5 min resulted in elimination of skin activity but did not alter the EYTF titer of the preparation. Antilecithinase serum was prepared by using commercially obtained B. cereus lecithinase as the antigen. Two parts of B-4ac culture filtrate were mixed with 1 part of antilecithinase serum and incubated at 37 C for 45 min. This treatment completely inhibited EYTF activity in vitro but had no effect on the skin activity of the preparation.
Further evidence for the nonidentity of EYTF and the skin factor includes the following. (i) Commercial B. cereus lecithinase at 10 mg/ml does not induce a necrotic or bloody skin reaction but merely an inflammatory reaction. (ii) Two of the test strains of B. cereus are potent producers of EYTF but filtrates from these strains are inactive in the skin. (iii) One of the test strains of B. cereus is EYTF-negative but the culture filtrate is positive in the skin test.
Johnson and Bonventre (8) reported that hemolytic activity of culture filtrates of B. cereus was reduced by 50% after heating at 45 C for 30 min. In the present investigation, this heat treatment reduced the hemolysin activity by 90% but did not alter the skin activity of B-4ac culture filtrates.
It was observed (unpublished data) that B. cereus hemolysin will adsorb to but will not lyse rabbit erythrocytes at 0 C. Advantage was taken of this to remove hemolysin from B-4ac culture filtrates by repeated cycles of adsorption by using washed rabbit erythrocytes followed by 27 VOL. 8, 1973 on October 23, 2017 by guest http://iai.asm.org/ Downloaded from centrifugation after a 1-h incubation period. After eight adsorption cycles, the hemolysin activity of the culture filtrate was reduced by 90% but the skin activity remained unaltered. Combining the adsorption procedure with a heat treatment (45 C, 30 min) reduced hemolytic activity by 97% but had no effect on skin activity.
These data demonstrate that the skin factor is separate and distinct from the hemolysin and EYTF of B. cereus. The relationship of the skin factor to the lethal toxin of B. cereus is not clear at present. In limited trials to date, evidence both for and against the identity of lethal toxin and skin factor have been obtained. In one experiment, seven of nine culture filtrates from different strains were both lethal and skin active. One of the two remaining filtrates was neither lethal nor active in the skin. The other filtrate evoked a weak skin reaction but was not lethal. This may reflect a difference in the sensitivity of the two assays or may indicate that the two activities are due to separate and distinct entities. Johnson and Bonventre (8) reported that lethal toxin production was not supported by TSB. It was hoped that this might help differentiate between lethal toxin and skin factor. However, when filtrates of TSB-grown strains of B. cereus were tested, it was found that they were not only skin active but lethal as well.
Immunological relationships of the skin factor. Antiserum was prepared in rabbits against the crude culture filtrate of B. cereus B-4ac. This antiserum was mixed with the culture filtrates (filtrate to serum, 2: 1) of five strains of B. cereus and a single strain of B. thuringiensis. After incubation for 45 min at 37 C, the lethal and skin activities of all filtrates except B. cereus B-6ac were neutralized. The lethal and skin activities of strain B-6ac culture filtrate were not affected by this treatment. These results, while not differentiating between the lethal toxin and the skin factor, do demonstrate that the skin factor is antigenic and suggest that there are at least two serologically distinct forms of skin factor and lethal toxin.
Relationship between skin factor and ileal loop factor. All evidence to date indicates that the factor causing accumulation of fluid in the rabbit ileal loop is the same factor causing the necrotic or bloody reaction in the guinea pig skin. For example, both activities appear simultaneously in logarithmically growing cultures and the synthesis of both appears to be affected similarly by the nature of the growth medium. Each is heat sensitive, i.e., inactivated at 56 C in 5 min. Both activities are precipitable by (NH)2SO (60% saturation), and each is nondialyzable. Neither activity is influenced by preincubation with sodium ethylenediaminetetraacetic acid. Stability during concentration and storage are markedly similar for each activity.
Quite obviously, the identity of the loop and skin factor cannot be established unequivocally until the substance(s) is purified. Moreover, the identity or nonidentity with lethal toxin must also await this purification. The lability of the skin factor has thwarted efforts to purify the substance, and therefore many correlative data can at present only be interpreted as strongly indicative. However, it does appear that the skin test can be used to assess the enterotoxigenicity (for rabbits) of isolates of B. cereus and the related organism, B. thuringiensis. The skin test appears to be more sensitive, quicker, and simpler to perform, less traumatic to the test animal, and apparently more consistent in replicate tests than is the ileal loop procedure.
Further work on the purification, serology, and genetic control of synthesis of the loop and skin factor, as well as the relationship of this factor to human food poisoning, by B. cereus, is currently in progress.
